Culture of in-vivo-developed mouse blastocysts in a simple culture medium based on a balanced salt solution supplemented with carbohydrates for 3 h significantly perturbed embryo metabolism. Maximal perturbation occurred after just 6 h of culture. Similarly, culture of rat blastocysts in a simple culture medium for 3 h also resulted in perturbed metabolism. Cultured mouse and rat blastocysts both had an abnormally elevated rate of glycolysis of~100% after culture (P < 0.05). Rates of pyruvate oxidation by mouse blastocysts were also significantly reduced after culture in a simple medium for 6 h (P < 0.01). Furthermore, the developmental competence of mouse blastocysts after transfer was significantly reduced by just 6 h of culture in a simple medium (P < 0.05). Addition of Eagle's amino acids or vitamins to the culture medium reduced the perturbation of both the glycolytic activity and oxidative capacity of cultured mouse blastocysts and acted in synergy to further the inhibition. Importantly, culture with amino acids and vitamins prevented any loss of viability of mouse blastocysts after culture for 6 h. It can be concluded that the mouse blastocyst is sensitive to its environment and that cultureinduced stress results in the loss of normal cellular function, as manifested in this case by an abnormal pattern of glucose utilization and loss of viability.
Introduction
The effect of culture of embryos in vitro on metabolism was first reported by Menke and McLaren (1970) who observed that glucose oxidation by mouse blastocysts cultured from the 8-cell stage was significantly reduced compared to blastocysts developed in vivo. It was subsequently demonstrated that the in-vivo-developed mouse embryo converts~40% of glucose taken up to lactate (Wales, 1986; Gardner and Leese, 1990) . In contrast, blastocysts developed in conventional embryo culture media such as M16 (Whittingham, 1971) for just 12 h exhibit high rates of glycolysis with all the glucose taken up being converted to lactate (Gardner and Leese, 1990; Gardner and Sakkas, 1993) . Elevated glycolytic activity by the cultured mouse embryo is inversely related to both development through the 2-cell block (Gardner and Lane, 1993a; Gardner, 1998a) and fetal development after transfer Gardner, 1996, 1997) . However, in contrast to the mouse, rat blastocysts developed in vivo are reported to have a glycolytic rate of Ͼ100% (Brison and Leese, 1991) . Little is known about the timing or cause of this perturbation in glycolytic activity of blastocysts developed in vitro. Therefore this study investigated the timing of the elevation of glycolytic activity in mouse and rat blastocysts after short periods of culture in a conventional embryo culture medium. As amino acids and vitamins have previously been demonstrated to affect glucose metabolism in mouse (Gardner and Sakkas, 1993; Lane and Gardner, 1997) and sheep embryos (Gardner et al., 1994) , the effect of supplementation of medium with amino acids and vitamins on glucose and pyruvate metabolism was also examined. The effect of perturbations in blastocyst metabolism on viability was subsequently determined.
Materials and methods

Animals
Mouse embryos were obtained from 4-6 week old F 1 (C57BL/ 6ϫCBA/Ca) hybrid mice kept on a light/dark cycle of 14 h/10 h (lights on at 07:00 and off at 21:00). Females were superovulated with an i.p. injection of 5 IU pregnant mares' serum gonadotrophin (Folligon; Intervet, Victoria, Australia) followed 48 h later by a second injection of 5 IU human chorionic gonadotrophin (HCG, Chorulon; Intervet) . Immediately following the HCG injection, females were placed with F 1 hybrid males and mating was assessed the following morning by observing the presence of a vaginal plug. Rat embryos were collected from 10-12 week old Sprague-Dawley female rats. Females in pro-oestrus were placed with males and mating was assessed the following morning by the presence of spermatozoa in a vaginal swab.
Media
Media used in this study were based on modified mouse tubal fluid (mMTF) medium (Gardner and Lane, 1993b) which had the following composition: NaCl 103.4 mM, KCl 4.79 mM, K 2 HPO 4 1.19 mM, MgSO 4 1.19 mM, NaHCO 3 25.0 mM, CaCl 2 1.71 mM, sodium pyruvate 0.37 mM, sodium lactate (D/L) 4.79 mM, glucose 3.4 mM, penicillin 50 IU, streptomycin 0.05 g/l, phenol red 0.01 g/l and BSA 4 g/l. Medium for embryo collection was a HEPES buffered modification of medium mMTF where 20 mM NaHCO 3 was replaced with 20 mM HEPES pH 7.4 (H-mMTF). Amino acids and vitamins were added at the concentrations present in Eagle's minimal essential medium (Eagle, 1959 
Embryo collection and culture
Blastocysts were collected from mice at 88 h post-HCG or rats at 12:00 on day 4.5 of pregnancy. Blastocysts were flushed from uteri with medium H-mMTF (no amino acids and vitamins) and washed three times before either having their metabolism assessed or placed into culture. Blastocysts from both species were cultured in groups of 10 in 20 µl drops of medium under mineral oil (Sigma) at 37°C in 5% CO 2 in air (Lane and Gardner, 1992) .
Assessment of glycolytic activity
Glycolytic activity of individual blastocysts was assessed by quantitative microfluorescence employing the pyridine nucleotides in coupled reactions (Leese and Barton, 1984; Leese, 1990, 1993) . Individual blastocysts were incubated in 30 nl drops of medium mMTF with 0.5 mM glucose as the sole energy substrate. Serial 1 nl samples were taken at 15 min intervals and glucose and lactate concentrations determined. The percentage of glucose metabolized by glycolysis was calculated on the basis that 1 mol of glucose taken up by the embryo forms 2 mol of lactate. Therefore a value of Ͻ100% indicated that a percentage of the glucose taken up by the embryo was converted to lactate. A value of 100% indicated that all the glucose taken up by the embryo was converted to lactate, whereas a value Ͼ100% indicated that lactate was being produced from endogenous stores. The total incubation period was always Ͻ75 min to ensure that linear rates of both glucose uptake and lactate production were being measured.
Assessment of pyruvate oxidation
Pyruvate oxidation was assessed by incubation with [2-14 C]pyruvate (0.37 mM; 0.014 µCi/µl) in a microcentrifuge tube (O'Fallon and Wright, 1986; Rieger et al., 1992) . Individual embryos were incubated in 3 µl drops of medium mMTF containing 0.37 mM labelled pyruvate in the lid of a microcentrifuge tube over 1.5 ml of 25 mM NaHCO 3 . Embryos were incubated for 3 h in a gas phase of 5% CO 2 in air. Sham preparations without embryos were incubated to control for non-specific breakdown of label. At the end of the incubation period 1 ml of the 25 mM NaHCO 3 trap was placed in a scintillation vial containing 200 µl NaOH. Pyruvate oxidation was determined by the amount of 14 CO 2 trapped in the 25 mM NaHCO 3 trap as determined by liquid scintillation and corrected for recovery efficiency of the label. Total radioactivity was determined by addition of 3 µl of media containing label directly in the NaHCO 3 trap. Pyruvate oxidation by each embryo was expressed as pmol/embryo/3 h.
Assessment of blastocyst viability
Blastocyst viability was determined by uterine transfer to day 4 pseudopregnant recipients. Recipient females were obtained by placing 8-12 week old females of the same strain with vasectomized males. The day when vaginal plug was detected was designated day 1 of pregnancy. Each treatment was assigned a uterine horn by random numbers and six embryos were transferred to each uterine horn. On day 15 of pregnancy, implantation, fetal development and fetal weights were assessed.
Statistical analysis
Values for glucose uptakes, lactate production, pyruvate oxidation and fetal weight were initially analysed using analysis of variance. Between-treatment differences were determined using Duncan's multiple range test for multiple comparisons. Data for glycolytic activity were analysed using non-parametric statistical tests. Pairwise comparisons were determined using a Mann-Whitney U-test. Glycolytic activity of data sets with more than two treatments were initially analysed using a Kruskal-Wallis test. Between-treatment differences were then determined using a Mann-Whitney U-test for a multisample Kruskal-Wallis test. Embryo transfers were performed on 5 separate days. Day of transfer was fitted as a factor and data for implantation rates and fetal development rates were analysed using log-logistic regression assuming a binomial distribution. The null hypothesis of no treatment effect against a treatment effect was tested with the loglikelihood ratio statistic which is approximately χ 2 -distributed.
Results
Determination of the time in culture for elevation in glycolytic activity to occur in the blastocyst
Freshly collected mouse blastocysts were cultured for 3, 6 or 9 h in medium mMTF. At the end of each culture period the glycolytic activity of the blastocysts was quantified. In-vivodeveloped controls were collected at 88, 91, 94 or 97 h post-HCG and their glycolytic activity determined immediately. Glycolytic activity of in-vivo-developed blastocysts was not significantly different at all time points measured, having a mean value of 29% (Figure 1 ). In contrast, blastocysts cultured in mMTF for 3 h had a glycolytic activity of 75.9%, significantly higher than in-vivo-developed blastocysts (P Ͻ 0.01). By 6 h of culture, glycolytic activity reached a maximum of around 90% (Figure 1 ). In contrast, there was no significant difference in the glucose uptake of blastocysts developed in vivo compared to those cultured in mMTF (Table I) . Therefore the increase in glycolytic activity after 3 h of culture can be attributed to an increase in the conversion of glucose to lactate (Table I) . Rat blastocysts were collected on day 4.5 of pregnancy and glycolytic activity measured either immediately or after culture in medium mMTF for 3 h. Glycolytic activity of in-vivodeveloped rat blastocysts was found to be 84.3 Ϯ 5.7% which increased to Ͼ100% after 3 h of culture in medium mMTF (P Ͻ 0.05) (Table II) . Similar to mouse blastocysts, glucose uptake of rat blastocysts was not significantly different between in-vivo blastocysts and those developed in culture. However, lactate production was significantly increased by culture for 3 h in mMTF (P Ͻ0.05) ( Table II) .
Effect of amino acids and vitamins on the elevation in glycolytic activity of blastocysts
Mouse blastocysts were collected at 88 h post-HCG and cultured in either medium mMTF or mMTF supplemented with either all Eagle's amino acids, Eagle's vitamins or with both Eagle's amino acids and vitamins. Blastocysts were cultured for 6 h (the time of culture for maximal perturbation to occur in medium mMTF) at 37°C in 5% CO 2 in air and at the end of the culture period glycolytic activity determined. In-vivo-developed blastocysts (control) were collected at 94 h post-HCG and their glycolytic activity measured immediately. Consistent with the initial experiment, blastocysts-developed in medium mMTF had a significantly increased glycolytic activity after 6 h of culture compared to in-vivo-developed blastocysts (P Ͻ 0.01) (Figure 2 ). Supplementation of medium mMTF with either amino acids or vitamins significantly reduced the glycolytic rate of blastocysts after 6 h of culture compared to mMTF (P Ͻ 0.05). Furthermore, amino acids and vitamins acted in synergy to lower the glycolytic rate further to 45%. However, all cultured blastocysts had significantly increased glycolytic activity compared to blastocysts developed in vivo (Figure 2 ).
Glucose uptake was not different between in-vivo-or in-vitro-developed blastocysts (Table III) . However, lactate production by blastocysts was affected by the culture medium such that increases in glycolytic activity were attributed solely to an increase in lactate production.
Effect of culture conditions on oxidative capacity of mouse blastocysts
Oxidation of pyruvate by blastocysts was analysed either immediately following collection at 88 h post-HCG or after culture for 6 h in either mMTF or mMTF supplemented with amino acids and vitamins. Blastocysts cultured in medium mMTF for 6 h were found to have a significantly reduced rate of pyruvate oxidation (5.11 Ϯ 0.27 pmol/embryo/ 3 h) compared to blastocysts developed in vivo (6.66 Ϯ 0.27 pmol/embryo/3 h; P Ͻ 0.05) (Figure 3 ). Blastocysts cultured in medium supplemented with amino acids and vitamins had a rate of pyruvate oxidation (5.93 Ϯ 0.54 pmol/embryo/3 h) similar to in-vivo-developed blastocysts (Figure 3 ). 
Effect of culture conditions on blastocyst viability after transfer
Mouse blastocysts were collected at 88 h post-HCG and cultured in either mMTF or mMTF supplemented with amino acids and vitamins for 6 h before transfer. In-vivo-developed blastocysts (control) were collected at 94 h post-HCG and transferred to recipients immediately. Blastocysts cultured in medium mMTF for 6 h had a significantly reduced implantation rate (P Ͻ 0.05) and subsequent fetal weights (P Ͻ 0.05) compared to in-vivo-developed blastocysts (Table IV) . In contrast, the presence of amino acids and vitamins in the culture medium during the 6 h incubation maintained embryo viability to the same level as that observed for blastocysts developed in vivo (Table IV) .
Discussion
Culture in conventional embryo culture media for 3 h significantly perturbs blastocyst metabolism in both the mouse and rat. In the mouse blastocyst elevated rates of glycolysis were associated with a significant reduction in oxidative capacity. The addition of Eagle's 20 amino acids and vitamins to the culture medium maintained in-vivo rates of glycolysis and oxidation in cultured mouse blastocysts and ensured the maintenance of blastocyst viability. This indicates that amino acids and vitamins are key regulators of embryo metabolism 994 and viability and that placement of embryos in medium lacking these regulators results in an inability of the embryo to control its metabolism. In-vivo-developed blastocysts in this study were found to convert~30% of glucose taken up to lactate, similar to previously reported levels (Gardner and Leese, 1990) . Culture for just 3 h in a conventional culture medium mMTF resulted in a significant increase in glycolysis that reached~100% after 6 h in culture. Interestingly, glucose uptake was not affected by the culture media, only the metabolic fate of the glucose was altered. Gardner and Leese (1990) reported that morula stage mouse embryos cultured in conventional media for 12 h had elevated levels of glycolysis at the blastocyst stage, whilst glucose uptake was found to be unchanged by culture. It is now evident that this increase in glycolysis is manifested after just 3 h of culture with maximal increase occurring after 6 h.
Short-term culture in a simple medium for 3 h was also found to increase the glycolytic activity of rat blastocysts from 80% in freshly recovered blastocysts to Ͼ100%, suggesting that the embryo is utilizing endogenous energy stores, presumably glycogen, that may be required at implantation to maintain adequate energy production. This value of 80% for glycolytic activity observed is somewhat lower than the value of 102% previously reported for in-vivo-developed rat blastocysts (Brison and Leese, 1991) . Rather this previously reported value of 102% for glycolysis is similar to that observed in the present study when blastocysts were cultured in a simple medium for 3 h prior to metabolic assessment. This apparent discrepancy between these studies may therefore be explained by the extended incubation periods of up to 12 h in a simple medium used in the study by Brison and Leese (1991) . As these authors assessed glucose uptake and lactate production only at the end of the incubation and linear rates were not determined, the elevated glycolytic activity reported for rat blastocysts may be considered an artefact induced by the extended culture period. It therefore appears that the rat blastocyst is able to oxidizẽ 20% of the glucose taken up, the remaining 80% being metabolized via aerobic glycolysis. Indeed Sugawara and Takeuchi (1973) reported that glucose oxidation by rat embryos increased at the blastocyst stage. However, the level of glycolytic activity observed in the present study for in-vivodeveloped rat blastocysts of~80% is significantly higher than that determined for the mouse blastocyst (30%). Although the rat blastocyst has an increased capacity for glycolysis compared to the mouse, the high rate of glucose uptake would result in a similar rate of ATP production (~120 pmol/h) in blastocysts of both species. As high rates of glucose uptake would maintain the flux through the pentose-phosphate pathway for the generation of ribose moieties and nucleotides required for biosynthesis (Newsholme and Leech, 1983) , the increased glycolytic activity of rat blastocysts may indicate a higher biosynthetic requirement than the mouse blastocyst (Rieger, 1992; Gardner, 1998a,b) .
The increase in glycolytic activity in mouse blastocysts after culture in medium mMTF for 6 h, as observed in this study, was found to be accompanied by a significant reduction in oxidative capacity. It has previously been reported that blastocysts developed in vitro from the 8-cell stage in a conventional embryo medium exhibit reduced rates of oxidation (Menke and McLaren, 1970) . Similarly a reduction in oxidative capacity and concomitant increase in glycolytic activity by 2-cell mouse embryos is associated with the 2-cell block in vitro (Gardner and Lane, 1993a; Gardner, 1998a) . Rapidly dividing tissues, such as tumour cells, can exhibit a Crabtree effect which comprises an elevation in glycolytic activity accompanied by a decrease in oxidative capacity (Crabtree, 1929) resulting in inadequate energy production by cells (Koobs, 1972) . Continued activity of hexokinase, which appears not to be inhibited by the build-up of glucose-6-phosphate, depletes cytosolic phosphate pools and results in an accumulation of ADP (Chance and Hess, 1959; Hess and Chance, 1961) . Removal of glucose enables the tumour cells to recover and for levels of oxidative metabolism to recover (Hackenbrock et al., 1971) . Therefore the increase in glycolysis and reduction in oxidation of blastocysts cultured in medium mMTF observed in this study are consistent with a Crabtree-like effect. It has previously been suggested that the early cleavage stage hamster embryos also exhibit a Crabtreelike effect when cultured in the presence of glucose (Seshagiri and Bavister, 1991) . However, in the hamster embryo this reduction in oxidative capacity is dependent upon the presence of phosphate in the medium, indicating that there may be some differences in this perturbation in metabolism between the early embryo which does not utilize glucose preferentially compared to the blastocyst stage. The Crabtree effect, as described in tumour cells in culture, depends on the continued activity of hexokinase in the presence of increasing product, glucose-6-phosphate. The isozyme of hexokinase present in these cells must therefore be a form of the enzyme that is not completely inhibited by glucose-6-phosphate. It has recently been reported that the isozyme of hexokinase in preimplantation mouse embryos switches from isozyme I at the zygote to isozyme II by the blastocyst stage (Edwards and Gardner, 1995) . Indeed, these two isoforms have differing sensitivities to phosphate, with the inhibition of isozyme I by glucose-6-phosphate being overcome by phosphate (Wilson, 1995) . It is therefore possible that the differences in the ability to regulate metabolism in conventional culture media by the early cleavage stage embryo and the blastocyst stage may be due to differences in the isoforms of glycolytic enzymes such as hexokinase.
Addition of amino acids to the culture medium was observed to maintain glycolysis and oxidation at levels equivalent to in-vivo-developed blastocysts. Many amino acids are able to be oxidized by a one-step conversion to intermediates of the tricarboxylic acid (TCA) cycle. It has previously been shown that amino acids such as glutamine are able to be utilized by preimplantation stage embryos as an energy source (Chatot et al., 1990; Rieger et al., 1992) . It is therefore plausible that amino acids are utilized as an oxidative energy source to maintain oxidative capacity and therefore increase citrate and ATP levels, which allosterically inhibit the glycolytic enzyme phosphofructokinase, thereby preventing the detrimental increase in glycolysis. Alternatively the utilization of alanine as an energy source can inhibit the glycolytic enzyme pyruvate kinase, thereby also preventing increased glycolytic activity (Newsholme and Leech, 1983) Alternatively, high rates of aerobic glycolysis in tumour cells have been reported to be due to either the absence of, or reduced activity of, redox shuttles which transport the electrons from NADH formed in the cytoplasm into the mitochondria with the concomitant regeneration of NAD ϩ within the cytoplasm. Without such shuttle mechanisms cells must produce high levels of lactate from glucose to regenerate NAD ϩ within the cytoplasm (Dietzen and Davis, 1993) . The shuttle system that is present in the majority of somatic cells is the malate/ aspartate shuttle. This shuttle utilizes the amino acids glutamate and aspartate to transfer electrons from the cytosol to the mitochondria with the regeneration of NAD ϩ in the cytosol. In tumour cells this shuttle is unable to function when aspartate concentrations are limiting (Kovacevic, 1972) . Furthermore, cytosolic aspartate has been shown to be an allosteric regulator of shuttle activity in tumour cells (Hautecler et al., 1994) . Therefore in culture media that do not contain amino acids there would be significant efflux of amino acids from the cytosol of blastomeres of embryos resulting in reduced concentrations of aspartate and glutamate. This may therefore become rate limiting to the activity of these mitochondrial shuttles, resulting in the compensatory mechanism of decreased pyruvate dehydrogenase (PDH) flux and therefore increased lactate production. In the presence of amino acids the cytosolic concentrations of aspartate and glutamate would be maintained along with shuttle activity and therefore oxidation.
Addition of vitamins to the culture medium was also shown to reduce the increase in glycolysis induced by culture. Vitamins had a synergistic effect with amino acids, indicating that amino acids and vitamins prevent the increase in glycolysis by different mechanisms. Thiamine (vitamin B 1 ) may be able to regulate PDH activity as thiamine diphosphate is a co-factor for one of the reactions catalysed by the PDH complex which converts pyruvate to acetyl-CoA for entry into the TCA cycle (Reed, 1967) . Moreover, thiamine deficiency results in the inhibition of pyruvate dehydrogenase activity in brain tissue (Peters, 1962) . Furthermore, the addition of dichloroacetic acid which results in the stimulation of the PDH complex increases the cleavage rates of mouse 2-cell embryos to the 8-cell stage (Penzias et al., 1993) indicating that oxidation of pyruvate is an important energy-generating pathway for mouse embryo development. Therefore, the addition of thiamine to the culture medium may maintain in-vivo rates of pyruvate oxidation by providing one of the co-factors required for pyruvate conver-sion to acetyl-CoA. The activity of pyruvate dehydrogenase is also regulated by the redox potential or NAD ϩ :NADH of the cell. Co-enzyme derivatives of the vitamins riboflavin and niacin have a central role as redox co-factors in cellular metabolism by their conversion to FAD and NAD ϩ (Newsholme and Leech, 1983) . Another of Eagle's vitamins, pyridoxal phosphate (vitamin B 6 ), is an essential co-factor for aminotransferases which transaminate α-amino acids to ketoacids, enabling utilization by the TCA cycle. Therefore it is plausible that culture of preimplantation embryos with amino acids in the presence of pyridoxal phosphate will facilitate increases in amino acid oxidation.
Most significantly, blastocysts in this study with abnormally increased rates of glycolysis and reduced oxidation were found to have a significantly reduced viability after transfer. This highlights the importance to the embryo of maintaining appropriate activities of energy-generating pathways in culture for the maintenance of developmental competence. In support of this hypothesis, glycolytic activity is inversely correlated with developmental competence after transfer Gardner, 1996, 1997) . Those blastocysts which had a glycolytic rate similar to in-vivo-developed blastocysts (50%) had a fetal development rate of 80% whereas those blastocysts with abnormally elevated glycolytic activity had a significantly reduced fetal development.
In conclusion, this study has demonstrated that culture in a conventional culture medium for 3 h significantly increases glycolytic activity in the blastocyst with maximum perturbation occurring after 6 h. This increase in glycolytic activity was accompanied by a concomitant decrease in oxidation resulting in reduced viability after transfer. Supplementation of culture medium for blastocysts with amino acids and vitamins reduced the elevation in glycolytic activity, prevented any drop in oxidative capacity and maintained viability at levels of invivo-developed blastocysts. Therefore it is important that the preimplantation embryos are always maintained in a medium containing amino acids and/or vitamins and that even a shortterm exposure to a simple culture medium results in blastocysts losing metabolic control with a subsequently reduced developmental competence after transfer (Gardner, 1998a) . These data therefore have significant implications regarding the formulation of medium for the culture of human embryos. Specifically, it is important to ensure that culture-induced stress is minimized to facilitate normal cellular function and metabolism , 1998 .
